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ABSTRACT

Marsh, Jonathan T. M.S.A.A., Purdue University, May 2015. Nanomechanical
Characterization of Irradiated Zirconium with Consideration of Temperature and
Microstructure. Major Professor: Vikas Tomar.

Zirconium (Zr) and zirconium-alloys have been utilized in the nuclear industry for
decades, most commonly in nuclear fuel cladding. The characteristics which make Zr
ideal for these applications include: low density, high hardness, high ductility, and high
corrosion resistance. Efforts have been made to further enhance these properties through
the use of Zr-alloys, such as Zircaloy-2 and Zircaloy-4, which are made up 95-99% Zr by
weight, with the remaining weight percentage being made of other metals (tin, niobium,
nickel, iron, chromium). The performance of these materials directly influences the
efficiency of the nuclear reactor and are thus of primary concern. While the properties of
these materials alone have been studied extensively, the nuclear reactor environment
itself serves to degrade or enhance these properties, depending on the situation. The
coupled effect of irradiation, high temperature, and microstructure is not understood.
Each of these aspects uniquely influence the thermo-mechanical properties of these Zrbased materials and a better understanding of these coupled phenomena is necessary to
effectively and efficiently design these nuclear reactor components. The aim of the
following work is to experimentally investigate the effect of these coupled phenomena on
the thermo-mechanical properties and viscoplastic response of Zr.
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CHAPTER 1. INTRODUCTION

1.1

Zirconium in the Nuclear Industry

Today, Zirconium and Zirconium-alloys are frequently used in the nuclear industry as
fuel cladding, especially in pressurized water reactors (PWRs), but Zr was first used in
nuclear reactors as a structural material in the early 1970’s, by the US Navy. The main
requirements of a material for this purpose was the ability to withstand corrosion at high
temperatures, over long periods of time and maintain its integrity in the presence of high
levels of irradiation [1]. Zr has low density, high hardness, high ductility, and high
corrosion resistance. Crucially, it has very low absorption cross-section of thermal
neutrons, which makes it suitable for this use. Significant effort has been made to
enhance these favorable properties, through use of Zr-alloys, such as Zircaloy-2 and
Zircaloy-4, which are composed of between 95% and 99% by weight zirconium, while
the remainder is made up of other metals, such as: tin, niobium, iron, chromium, and
nickel to improve corrosion resistance and to a lesser extent, mechanical properties.
As previously stated, the primary use of Zr and Zr-alloys today are as fuel cladding in
PWRs. Fuel cladding are thin-walled tubes containing nuclear fuel and these tubes
experience complex strain-cycles throughout their 15,000 – 30,000 hour life [1]. Not only
are mechanical properties a primary indicator of performance in the cladding, but due to
the high temperature and irradiation present due to the reactor environment, thermal and
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irradiation creep properties are of great importance. Zircaloys are constantly being
developed using different alloyed additions to further enhance favorable properties, as
these properties ultimately influence the efficiency of the reactor itself.

1.2

High Temperature and Irradiation Effects on Materials

The temperatures characteristic of the nuclear reactor environment are typically in the
range of 300°C to 400°C [2]. The combination of high temperature and radiation exposure
contribute to microstructural changes in Zr and Zr-alloys. Radiation damage creates
obstacles to dislocation motion in the form of point defects, precipitates, and clusters.
These irradiation induced microstructural changes are the result of partitioning of vacancies,
which leads to the formation of clusters, dislocation loops, and cavities [3]. In order for a
dislocation to propagate, it must travel around or through these obstacles, which serves as
a mechanism to strengthen or weaken the material, depending on the characteristics of the
obstacles. Orowan loops, which are impenetrable clusters, for example, serve to strengthen
the material, as the dislocation follows the path of least resistance, moving around the
cluster, rather than through it. Previous works have shown a distinct relationship between
irradiation displacements per atom (dpa) and microstructural damage [4], as well as a
relationship between irradiation fluence and microstructural damage [5, 6]. Void formation
increases exponentially with neutron fluence and void concentration increases with dpa to
a peak typically near 30 dpa [7], although there is some material dependence. This
microstructural damage serves to influence the mechanical and creep properties of
irradiated materials. Typically, at low temperatures (< 0.3 Tm), the effect of irradiation
strengthens materials, specifically increasing their yield strength and hardness, in a process
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called irradiation hardening [4, 8]. Materials that exhibit this quality show increasing yield
strength with increasing irradiation dose, up until a saturation stress, where yield strength
remains constant [9]. Cavities form in irradiated Zr at temperatures between approximately
350°C and 500°C and their formation is dependent upon the purity of the Zr. Zr-alloys are
actually more resistant to cavity formation when the Zr content decreases [10]. Vacancy
and interstitial groups form in Zr and Zr-alloys at temperatures higher than 300°C and
become unstable at temperatures greater than 450°C [10]. Previous work has shown that
temperature directly influences void volume with a peak near 500°C, as well as vacancy
concentration [7]. Swelling also depends on temperature and varies between different
materials, but typically peaks around 0.5 Tm [7].
Irradiation creep is a mechanism in which solid tends to deform slowly under a constant
applied loading. Rather than typical creep deformation, with occurs due to elevated
temperatures, irradiation creep is thought to be dependent mostly on the formation of
vacancies and interstitials due to energetic atomic displacement. Irradiation creep is not
strongly dependent on temperature and is most critical in regions of intermediate
temperature, high neutron flux, and low stress [11]. Irradiation creep increases with dpa
and neutron fluence. Irradiation growth has been shown to be an important source of
dimensional instability in Zr-alloy structural components [12]. Irradiation growth increases
with dpa and neutron fluence [13]. Irradiation creep and growth are additive mechanisms
[13].
Many researchers have investigated the effect of temperature and irradiation in terms of
displacements per atom (dpa) and neutron fluence, but few attempts have been made to
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quantify to the effect of irradiation energy [6, 7, 14]. Additionally, most previous studies
consider a constant irradiation energy greater than 1 MeV [15]. The current work focuses
on characterizing the thermo-mechanical properties of Zr under different levels of
irradiation in terms of irradiation energy, as well as manufacturing process and temperature.

1.3

Manufacturing Effects on Material Microstructure

There are a number of methods for manufacturing, processing, and treating metals and
alloys to achieve desirable material characteristics. The manufacturing processes of
interest in this study are rolling and annealing.
Rolling is a process where bulk material is passed between two equal radius, constantly
spinning rollers, which causes the material to deform plastically, inducing high
compressive stresses. This process not only induces these compressive stresses, but also
acts to reduce the thickness of the material and significantly change the grain structure.
Annealing is a process where the material is heated to a given critical temperature and
then allowed to cool slowly. This softens the material and relieves internal stresses, as
well as increasing the homogeneity of the microstructure. The grain size of an annealed
material is typically larger in comparison to rolled materials. The annealing process
increases the ductility of the material and typically results in a lower yield strength.

1.4

High Temperature Nanoindentation
1.4.1

Introduction to Indentation

High temperature nanoindentation is utilized in the following study to examine the nanoscale material behavior of Zr. Microindentation and nanoindentation have been utilized
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for nearly thirty years to determine the hardness and elastic modulus of small volumes of
material. Microindentation and nanoindentation are both forms of instrumented
indentation, which evolved from Vickers hardness testing, originally performed in 1922
by Smith and Sandland [16]. Instrumented indentation was first used in 1986 by Doerner
and Nix to determine the elastic modulus and hardness of Si, W, and Al [17]. Prior to
this, instrumented indentation was not possible due to resolution limitations imposed by
depth sensing instruments of the time. Instrumented indentation utilizes a system of
sensors and actuators to impart load on a sample of interest using an indenter and records
the response of the sample. The sample of interest is a small volume of material, whose
mechanical properties are unknown, while the mechanical properties of the indenter are
assumed to be known. The indenter tip can take several different geometric forms,
depending on the application, but it is crucial that the exact dimensions are known for
accurate calculation of the mechanical properties being studied. The load-displacement
response curve is the output of interest in a nanoindentation test. This curve, also known
as a P-h curve, captures the variation of the load as a function of the total displacement
(i.e. the depth of the indenter tip from the undeformed surface of the sample). This curve
features both loading and unloading of the sample and in most cases will exhibit plastic
deformation on the loading portion of the curve.
The load-displacement curve from the nanoindentation experiment provides useful
insight into the mechanical properties of the material itself. An example curve is shown
in Figure 1.1.
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Figure 1.1: Example nanoindentation load-displacement (p-h) curve

A large number of mechanical properties including Young’s modulus, hardness, and
creep rate can be estimated from a detailed analysis of these curves.
Poisl, Oliver, and Fabes performed the first elevated-temperature nanoindentation study
in 1995 [18] and the first high-temperature nanoindentation study performed by Suzuki
and Ohmura followed in 1996 [19]. While most of the initial non-room temperature
nanoindentation studies were performed with custom apparatuses, today commercial
instruments are almost universally used to perform these tests. Commercialization of
these instruments not only allows for reasonable comparison between similar studies, but
has also led to significant advancements in the technology.
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1.4.2

Nanoindentation Process

The nanoindentation process consists of two or three key steps, which result in a P-h
output that can be interpreted to find several useful bits of information about the sample
being investigated. These steps can include: loading, dwell, and unloading, as shown in
Figure 1.1. The test begins with the loading sequence, in which the indenter contacts the
sample and imparts a force upon it at a given constant or changing rate until reaching a
given maximum value. The force in an indentation test is the controllable parameter, so
this may be applied in a number of ways. This force can be applied continuously or in a
series of increments. Alternatively, the tests can be performed in a displacement
controlled manner. The dwell period, which is not always present in indentation tests, is a
given period of time in which the maximum load reached by the loading sequence is held.
The use of a dwell period allows studies of time-dependent phenomena, such as
viscoelasticity, creep, or drift. Finally, in the unloading step, the load imparted upon the
specimen is released slowly. Similar to the loading step, this can be done continuously or
in a series of increments. This unloading curve is used in the determination of elastic
modulus and can be fitted using a power law fit of the form
𝑚

𝑃 = 𝐶(ℎ − ℎ𝑓 ) ,

(1)

where 𝐶 and 𝑚 are constants and ℎ𝑓 is the residual depth measured from the specimen
free surface. ℎ𝑓 is shown schematically in Figure 1.2.
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Figure 1.2: Schematic of specimen surface throughout stages of indentation

Typically, values of 𝑚 range from 1.1 to 1.8 as a function of indenter tip geometry. Since
there are three constants to be determined from one P-h curve, the process of their
calculation may warrant an iterative procedure. However, more recently regression
techniques have been used to a good degree of success in determining parameters from
one run [20].
Several (not all) of the modern instrumented indenters allow an option called the
Continuous Stiffness Measurement (CSM) [21-26]. This new option allows a continuous
and reliable estimate of the unloading stiffness in the indentation experiment by
superimposing a small-amplitude high-frequency sinusoidal load on top of the
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monotonically increasing load, and measuring the resulting amplitude and phase of the
displacement oscillation. The unloading stiffness measured using the CSM technique can
be used to obtain reliable estimates of the indentation geometry, especially the critical
needed estimates of the contact radius during the entire test. As will be seen later, this
information is critical to obtaining a better analysis of the raw indentation data. This
option has generally been employed thus far in tests conducted at room temperature.

1.4.2.1 Elastic Response to Indentation
When the indenter imparts load upon the sample, the sample initially and sometimes
solely undergoes elastic deformation. The sample is likely to deform elastically given the
following condition
𝑝𝑚 ≤ 1.1𝜎𝑦 ,

(2)

where 𝜎𝑦 is the yield stress of the sample material and 𝑝𝑚 is the mean contact pressure
applied to the surface of the sample. This result is of theoretical significance, but does not
typically hold up in real testing situations, as the material is highly anisotropic at this
length scale. However, this relation is quite important, as it predicts the initiation of
plasticity at a distance 𝑎/2 from the surface of the sample. The mean contact pressure is
given by
𝑃

𝑝𝑚 = 𝜋𝑎2 ,

(3)

where 𝑎 is the indentation contact radius or the radius of the circle of contact along the
specimen. The elastic response of the material is governed by Hertzian contact
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mechanics. According to Hertz, in the case of a rigid, spherical indenter contacting a flat
surface [26],
𝑃𝑅

𝑎3 =

𝐸𝑟

,

(4)

for the condition that 𝑅 ≫ 𝑎, where 𝑃 is the indenter load, 𝑅 is the radius of the indenter,
and 𝐸𝑟 is the reduced modulus, given by
1
𝐸𝑟

=

1−𝜈 2
𝐸

+

1−ν′2
𝐸′

,

(5)

where 𝐸 and 𝜈 are the elastic modulus and Poisson’s ratio of the sample specimen,
respectively and 𝐸′ and 𝜈′ are the elastic modulus and Poisson’s ratio of the indenter,
respectively. The displacement or deflection of the surface in the vicinity of the indenter
is given by
3

ℎ = 2𝐸

𝑟

𝑟2

𝑃

(2 − 𝑎2 ),
4𝑎

(6)

for 𝑟 ≤ 𝑎, where 𝑟 is the radial distance from the symmetric axis of the indenter. At
maximum load, using equation (6), we obtain the relationship between the maximum
indentation depth, ℎ𝑚𝑎𝑥 and ℎ𝑐 . The aforementioned relationship is given by
ℎ𝑐 =

ℎ𝑚𝑎𝑥
2

,

(7)

ℎ𝑐 is used in several equations throughout this article and is defined as the distance
between ℎ𝑚𝑎𝑥 and the depth corresponding to the circle contacting the surface.
Similar relationships can be developed for rigid, conical indenters contacting a flat
surface.
2𝑃

𝑎2 = 𝜋𝐸 tan 𝛼,
𝑟

(8)

11
where 𝛼 is the cone half-angle. The deflection of the surface in the vicinity of the
indenter is given by
𝜋

𝑟

ℎ = ( 2 − 𝑎) acot 𝛼,

(9)

for 𝑟 ≤ 𝑎. Pyramidal indenter geometries are typically approximated as conical indenter
for the purpose of simplicity in calculation. This approximation is valid only if the
pyramidal indenter shares the same area to depth ratio as the conical indenter it is being
approximated as.
It is not necessary to develop such equations for a flat punch indenter, as the projected
area does not vary with depth. Note that equations (4) and (8) can be rearranged to obtain
expressions for load, which often appear in articles related to nanoindentation.

1.4.2.2 Elastic-Plastic Response to Indentation
In the case of many materials in which nanoindentation is performed upon, after initially
deforming elastically, a plastic response is followed. This response, predictably, involves
the formation of a plastic zone beneath the indented area. This plastic zone begins to form
under the following condition
1.1𝜎𝑦 < 𝑝𝑚 < 𝐶𝜎𝑦 ,

(10)

where 𝐶 is a constant that depends upon the material and indenter geometry. In this
condition, the size and shape of the plastic zone evolve continuously. Similar to the
relation in equation (2), this relation only holds true in the case of isotropic plasticity. As
the mean contact pressure increases, the plastic zone size grows, until it is fully
developed.
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The plastic zone becomes fully developed upon satisfying the following condition
𝑝𝑚 ≥ 𝐶𝜎𝑦 ,

(11)

where 𝐶 is a material dependent constant. Under this condition, the hardness and the
mean contact pressure (equation (3)) are equivalent and thus, this is the condition in
which hardness tests should be performed. Erroneous estimates may arise from taking
hardness measurements before the plastic zone has fully developed, as this is only a
measure of mean contact pressure. The exception to this rule is in the case of hardening
isotropic materials, where the mean contact pressure never reaches a saturation value.
During unloading, the material will experience some elastic recovery in regions outside
the plastic zone. In most cases, the material will not entirely retain its former shape, due
the plastic zone impeding the elastically recovering regions. The inability of these
elastically recovering regions to unload leads to residual stresses. No further plasticity is
generally expected to occur during unloading.

1.4.3

Instrument Compliance

When load is imparted by the indenter upon the material, a reaction force is generated by
the load frame and subsequent components. The load frame, while relatively rigid can
deform elastically under significant loading. Depending upon the compliance of the
instrument, the reaction force can cause deflection of the load frame and this deflection
gives rise to error in displacement measurements, due to the fact that the indenter must
travel farther to remain in contact with the specimen and apply a load. This means that
the instrument displacement reading will be greater than that of the actual depth of
penetration into the sample. This can be accounted for using the following relation
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ℎ′ = ℎ − 𝑃𝐶𝑓 ,

(12)

where 𝐶𝑓 is the compliance of the instrument and is linearly dependent upon the load
being applied. This correction contracts the P-h plot along the x-axis. The value of 𝐶𝑓 is
typically defined in the instrument software by the manufacturer and is included in the
standard corrections made by the software. However, the strict use of this value can lead
to error. 𝐶𝑓 accounts for the compliance of the frame, indenter shaft, and the stage the
specimen is mounted upon. Thus, depending upon the mounting method and the
specimen stiffness, the overall compliance of the system may be altered, leading to error
[20]. The safest way to correctly account for the compliance of the system is to determine
the compliance for the given testing condition, using a series of loads, which can be done
using the following relation
𝑑ℎ
𝑑𝑃

1

= 𝑆 + 𝐶𝑓 ,

(13)

where 𝑆 is the stiffness of the contact at the indenter. Specifically, for a Berkovich or
Vickers indenter, this can be rewritten as
𝑑ℎ
𝑑𝑃

𝜋

1

= √24.5 2𝐸

1

𝑟 ℎ𝑐

+ 𝐶𝑓 .

(14)

𝑑ℎ

By plotting 𝑑𝑃 as a function of ℎ𝑐 −1 for a series of loads, 𝐶𝑓 can be determined
graphically as the y-intercept.
This correction can be eliminated in certain instruments which utilize a differential
method of determining the indenter penetration, but this method is limited to relatively
hard materials [20].
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1.4.4 Indentation Size Effect
The indentation size effect is the term used to explain the variations of measured hardness
and elastic modulus corresponding to variations in indentation size. A number of
explanations for this effect exist, such as: dislocations, surface friction, surface adhesion,
residual stresses, oxide layers, pile-ups, and more. While each of these mechanisms could
potential lend to the indentation size effect, it is likely dominated by dislocation density.
On the scale in which nanoindentation is performed, the sample of interest is very much
heterogeneous and dislocations can easily dominate deformation. As the area probed by
the indenter increases, so does the likelihood of approaching favorably oriented
dislocations. Elmustafa and Stone [27] attributed the indentation size effect to
geometrically necessary dislocations. This conclusion is echoed by Durst and Goken
[28].
Interestingly, a more rigorous analysis of the load-displacement data in the form of
indentation stress-strain curves has indicated that there are no discernable effects of the
indenter size on the measured modulus over a range of indenter radii from 1 m to 100
m [29, 30]. The same studies have also indicated that the indenter size has very little
effect on the indentation yield point, but is likely to have an effect on the strain hardening
rates measured from the indentation stress-strain curves.

1.4.5

Drift

At room temperature, mechanical and thermal drift may occur from several sources.
These may be equilibrating sensors, actuators, and servo motors or heat transfer from/to
objects, as well as a number of other possibilities [31]. At high temperature, these effects
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are augmented greatly and if proper consideration is not taken for these effects, it can
lead to significant error in measurements. To control thermal drift, equilibration of the
heating system, indenter, and sample is required. The primary challenge related to this is
the equilibration of the sample and indenter. Even a minor temperature differential
between the sample and the indenter will upon contact, lead to thermal expansion and
contraction. Thermal fluctuations of ±1 K can lead to a drift displacement on the order of
100 nm. Considering nanoindentation is performed on the on a very small scale and relies
upon precise measurements, thermal expansion and contraction of the indenter and
specimen poses a serious problem. As detailed later in this article, the projected area of
the indenter tip directly effects the calculation of hardness and elastic modulus.
Equilibration of the sample and indenter can be performed with two separate heating
elements, although it is difficult to achieve the same temperature with the two elements.
Instead the more commonly used technique is to heat the specimen to the desired
temperature and subsequently bring the indenter tip in contact with sample, allowing for
the two objects to reach equilibrium. This is done with a small indentation load of 1 to 2
µN. It takes a significant amount of time to reach equilibrium, usually close to an hour,
and during this time, the indenter is not removed from the sample, but may be translated.
Over this period, as well as at the conclusion of the test, indentations are performed and
drift measurements are taken and recorded. This procedure must be repeated for each
testing temperature.
The procedure above significantly reduces thermal drift, but cannot effectively eliminate
it. While the indenter tip is equilibrated with the sample, there is a temperature gradient
along the length of the indenter. As the indenter presses into the sample, heat flow
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between the non-equilibrium regions and the sample occur, causing minor amounts of
drift. Additionally, higher testing temperatures, long indentation dwell periods, and
convective airflow around the testing apparatus can lead to thermal drift, regardless of
equilibration procedure. Drift during long indentation dwell periods can be eliminated by
using small dwell periods, but this is not an option for all experiments and account must
be made for the rate sensitivity due to the testing conditions. Drift due to convection can
be eliminated in most cases through the use of an enclosure or chamber. If properly
managed, drift can be reduced to less than 1 nm.
Corrections for thermal drift are relatively minor. If proper equilibration is performed,
changes in projected area are negligible for typical indentation depths. When calculating
hardness and elastic modulus, at elevated and high temperatures, use of mechanical
properties at the testing temperature is required. In other words, the elastic modulus and
Poisson’s ratio of the indenter material when used to compute these properties of the
sample must be the elastic modulus and Poisson’s ratio of the indenter material at the
given testing temperature, not room temperature.

1.4.6

Indentation Stress-Strain Curves

Since one can continuously measure the entire load-displacement curve (in both loading
and unloading segments) in the modern instrumented indenter machines, it should be
possible to extract complete indentation stress-strain curves from this technique. Indeed,
even without the modern instrumentation, Tabor [32] already introduced the basic
concept of indentation stress-strain curves in the early 1950s. In these very early
indentation stress-strain (ISS) curves measured using large spherical indenter tips, the
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indentation stress was defined as the mean contact pressure (same as in equation (3)) and
the indentation strain was defined as
0.2

𝑎
𝑅𝑖

,

(15)

where 𝑎 is the radius of contact and 𝑅𝑖 is the indenter radius. However, the procedure
used by Tabor was highly laborious as one had to interrupt the indentation test at selected
indentation depths and directly measure (or estimate) the contact radius from the residual
indentation left in the sample. Therefore, one measurement of the residual indentation
geometry produced only one data point on the ISS curve. Most impressively, Tabor [32]
demonstrated that the ISS curves produced in this manner for mild steel and annealed
copper material showed excellent agreement with those obtained from standard simple
tension tests. A number of efforts have been made to expand on this theory to more
accurately extract these indentation stress-strain curves [32-37], but each method relies
on the use of spherical indentation and relations derived from the Hertz contact theory. In
the following work, pyramidal indentation is used to extract pseudo indentation stressstrain curves. The implications of this use is further discussed in its respective section.

18

CHAPTER 2. PROCEDURE

2.1

Sample Preparation

For this study, two manufacturing processes are considered: rolling, as well as rolling and
annealing. Additionally, two levels of irradiation are considered: 1 keV and 100 eV. Each
sample was irradiated to a total fluence of 5x1022 m-2, at these energies, prior to
nanoindentation testing. In total, four different irradiated Zr samples were considered. In
addition to these, unirradiated rolled and rolled and annealed Zr samples were also tested
for the purpose of comparison. Prior to testing, each sample was mechanically polished
and then cut into pieces approximately 3 mm x 3 mm. The rolled and rolled and annealed
samples and microstructures are shown in Figure 2.1.
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4 µm

4 µm

Figure 2.1: Rolled and Rolled & Annealed Zr Samples

The rolled samples tend to have smaller, more defined grains, while the rolled and
annealed samples tend to have larger grains, with boundaries that are more difficult to
distinguish, which supports our expectations relative to the manufacturing processes
used. A visual comparison of the microstructure of each sample variation are shown in
Figure 2.2.
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and Rolled

and Rolled

and Rolled

Figure 2.2: SEM images of each sample variant with irradiation damage features shown
in red
The 100 eV irradiated sample variants exhibit the formation of small blisters and surface
voids. The damage is more apparent on the rolled sample, but both samples clearly
exhibit damage. The 1 keV irradiated samples exhibit small blisters, similar to the 100 eV
irradiated samples, but the void sizes increase significantly. These voids are more
apparent on the rolled and annealed samples. Cross-sectional SEM images show the
irradiation penetration depth for each sample variants is between 10 nm and 20 nm. An
example is shown in Figure 2.3.
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Figure 2.3: Example Cross-sectional SEM Images

2.2

High Temperature Nanoindentation

High temperature nanoindentation was utilized to extract the mechanical properties
(hardness, reduced modulus, yield strength), the creep properties (creep strain rate, stress
exponent, activation energy, thermal activation volume), and indentation stress-strain
curves for each Zr sample variation. The nanoindentation testing scheme included a
loading period, with maximum load being achieved in 25 seconds; a dwell period of 500
seconds; and an unloading period, with the load returning to zero in 25 seconds. All tests
were performed using a multi-module mechanical tester (Micro Materials Ltd., UK)
shown in Figure 2.4.
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Figure 2.4: Nanoindentation Experimental Setup

Before testing, both the sample and the indenter tip were heated to the desired
temperature which was closely monitored using thermocouples. After reaching the
desired temperature, the apparatus is kept inactive for 2 hours in order to achieve thermal
equilibrium and stability. The remaining components of the nanoindentation setup are
separated by a heat shield, in order to maintain them at room temperature. The samples
were fixed to the indentation hot stage using a ceramic glue. An area function calibration
was performed using fused silica before the first test was begun. This calibration is
repeated with each test. Nanoindentation tests were then performed at temperatures of
250ºC and 450ºC, as well as loading rates of 2 mN/s, 5 mN/s, 10 mN/s, and 20 mN/s. In
all cases, a diamond Berkovich-type indenter with a 20 nm radius was used to perform
indentations.
Indentations are made in an array, with 30 micron separation between indentations at the
given loading rate, and 50 microns between indentations at different loading rates and
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different temperatures. For a given sample variation (temperature, irradiation,
manufacturing process), 10 indentations were made for result verification. As the
indentations are performed, the load and depth are recorded electronically and a thermal
drift correction is automatically implemented. This is done during the unloading period,
where 10% maximum load is held for 500 seconds, while the depth is monitored.
Between each test, the compliance, as well as the area function was re-calibrated to
ensure that there is no influence from potential indenter blunting or plastic deformation.
Figure 2.5-(a) represents the typical load-displacement curve for an indentation
experiment performed at room temperature with 400 mN maximum load. In this case, the
sample is loaded up to the maximum load and the maximum load is held for around 500
seconds before the unloading period. The reduced modulus in this case is computed from
the slope of the unloading curve, hardness is calculated from the maximum load and
corresponding maximum depth, and the creep curve is extracted from the dwell period.
Finally, thermal drift is measured from the unloading curve at 10% load. Additionally,
the indentation stress-strain curves are produced using the loading portion of the loaddepth curve. Figure 2.5-(b) shows an example creep curve. The creep curve is extracted
from the dwell portion of the load-displacement curve and used to extract the creep strain
rate, stress exponent, activation energy, and thermal activation volume.
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(a.)

(b.)

Figure 2.5: Example nanoindentation curves
(a.) Load-displacement curve (b.) Creep-depth curve

Prior to computing each of the parameters of interest as detailed in the following section,
the data acquired from these experimental methods is refined using a simple statistical
uncertainty analysis. The indentations for which the calculated parameters exceed one
standard deviation of the mean are removed. This is a necessary step as there are
numerous sources of error when operating on the nano-scale and the data reported must
representative of the sample as a whole, rather than a few outlying data points.
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CHAPTER 3. METHODS

3.1

Indentation Size Effect and Oxide Layer

The indentation size effect was observed in all samples in the case of reduced modulus and
hardness. Figure 3.1 shows the effect of depth on these properties. The increasing loading
rates correspond to an increase in maximum load and subsequent increase in maximum
depth. This allows the indentation size effect on the mechanical properties to be observed
and allow for a representative loading rate to be chosen. This representative loading rate
corresponds to the lowest loading rate which leads to mechanical properties that are
invariable with depth and thus representative of the material itself and not the surface or
substrate. Sources of variation in these properties with depth can arise from surface and
substrate effects, depending upon the indentation depth. At low indentation depths, surface
effects are significant, as the properties of the surface features are measured in series with
the sample properties and at high indentation depths, substrate effects are significant, as
the properties of the substrate are measured in series with the sample properties. It is
observed that in each case, this trend follows a decreasing exponential curve, with each
property reaching steady-state at or before 4000 nm. Thus, the 20 mN/s loading rate data
is used as the representative loading in all cases. This calculation is crucial to the analysis
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of results in nanoindentation, due to the fact that at low depths, surface effects can greatly
influence properties, while at high depths, the substrate can do the same.

(a.)

(b.)

Figure 3.1: Indentation size effect on hardness of
(a.) Rolled Zr (b.) Rolled and Annealed Zr

The properties of the samples were measured at high temperature in an open
environment. The surface of the samples oxidizes at high temperatures due to the
exposure to oxygen. This oxide layer leads to erroneous results in the indentation size
effect analysis. The thickness of oxidized layer needs to be determined and adjusted to
correctly characterize the hardness size effects. The samples were heated to 800°C and
the temperature was maintained for 8 more hours to let sample oxidize and then the
temperature was decreased to room temperature gradually.
The oxidized layer of the Zr alloy is consisted of elongated columnar grains of ZrO2.
Pawel R et. al. [38] measured the parabolic rate constant 𝜅𝑝 of Zr alloy at the
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temperatures from 900 to 1500°C. The parabolic rate constant 𝜅𝑝 at 800°C is calculated
as 1.61 (10-2) g2m4 s−1. The linear oxidation rate κ′𝑝 in m2 s−1 is then calculated by
𝑀𝑜𝑥

𝜅𝑝′ = 𝜅𝑝 (𝜌𝑜

𝑥

2

) ,
𝑏𝑀𝑜

(16)

Where Mox is the molar mass of ZrO2 (123.22 g/mol), 𝑀𝑜 is the molar mass of oxygen
(16 g/mol), 𝜌𝑜𝑥 is the density of ZrO2 (201.94 (106) g/m3) and b is the number of oxygen
atoms in MaOb (b = 2). As a result, κ′𝑝 is calculated as 5.86 (10-18) m2 s−1. The thickness
of the oxidized layer can be calculated by
𝑠 = √𝜅𝑝′ 𝑡,

(17)

The thickness of the oxidized layer of Zr alloy at 800°C after heating for 8 hours is
around 400 nm, which is in agreement with the oxide layer measurement from the SEM
images shown in Figure 3.2.
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Figure 3.2: Oxide layer on Zirconium samples

The presence of this thick oxide layer means that we must consider indentations with a
relatively high depth of penetration, which was confirmed by the size effect analysis.

3.2

Mechanical Properties

The mechanical properties of interest in the case of nanoindentation tests include reduced
modulus, hardness, and yield strength. The theoretical foundation for the determination of
reduced modulus and hardness are detailed in this section, in addition to the indentation
stress-strain curves derived from nanoindentation.
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3.2.1

Reduced Modulus

Reduced Modulus is calculated using the Oliver-Pharr [21] method given by
𝑑𝑃
𝑑ℎ

where

𝑑𝑃
𝑑ℎ

=

2
√𝜋

𝐸𝑟 √𝐴,

(18)

is the slope of the unloading portion of the load-depth curve, 𝐴 is the area

function of the given indenter, and 𝐸𝑟 is the reduced modulus. In all cases, a Berkovichtype indenter was used, meaning that the theoretical area function is given by
𝐴 = 4ℎ𝑐 2 tan2 𝜃 = 24.504ℎ𝑐 2 ,

(19)

where ℎ𝑐 is the depth corresponding to the difference in depth between the circle of contact
of the indenter and the maximum depth of indentation. This parameter can be observed in
Figure 1.2. However, slight imperfections in the indenter geometry can lead to significant
error in the area function calculation and thus, the area function used was obtained by
performing indentation tests on a sample of known reduced modulus and hardness, in this
case fused silica. The calibration function is given by
𝐴 = 𝐵ℎ + 𝐶ℎ2 ,

(20)

where ℎ is the indentation depth and 𝐵 and 𝐶 are constants determined during the
calibration. The calibration of the area function is repeated after each test in order to ensure
that blunting and plastic deformation does not lead to error in the calculation of mechanical
properties, thus, the values of 𝐴 and 𝐵 vary with each indentation test. After obtaining the
reduced modulus of the Zr samples in each case, these values can be related to the Young’s
modulus of each using the following relation
1
𝐸𝑟

=

1−𝜈 2
𝐸

+

1−ν′2
𝐸′

,

(21)
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where 𝐸 is Young’s modulus, 𝜈 is Poisson’s ratio, and the primed values correspond to
the properties of the indenter itself, while the unprimed values correspond to the sample.

3.2.2

Hardness

Hardness is calculated, again, using the Oliver-Pharr method, given by
𝐻=

𝑃𝑚𝑎𝑥
𝐴

,

(22)

where 𝑃𝑚𝑎𝑥 is the maximum indention load and 𝐴 is the value of the area function
corresponding to the maximum indentation depth.

3.2.3

Indentation Stress-Strain Curves

Indentation stress-strain curves were calculated for each sample using the loading portion
of the load-depth data obtained using nanoindentation. These properties are calculated
using the loading portion of the load-depth curve. The indentation stress is given simply
by
𝑃

𝜎 = 𝐴 = 𝑝𝑚 ,

(23)

where 𝑃 is the load and 𝐴 is the area function of the Berkovich indenter used, given by
equation (20). This indentation stress is a term synonymous with mean contact pressure
in indentation and is actually the same as the stress considered in calculation of stress
exponent and thermal activation volume in 3.3.2 and 3.3.4, respectively. It should be
noted, this stress in not equivalent to the axial stress obtained from uniaxial tension or
compression testing and these should not be interpreted as such.
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The indentation plastic strain is more difficult to obtain. In fact, using a Berkovich
indenter tip, the strain cannot be directly obtained and instead an approximation is used,
based on a constant indentation strain rate. This indentation strain rate is determined
using
𝜀̇ =

𝑑ℎ 1

,

𝑑𝑡 ℎ(𝑡)

(24)

where ℎ is the indentation depth and 𝑡 is time. While the strain rate is not a controlled
parameter during indentation and is thus non-constant, during the loading period, after
initial penetration of the sample surface, there is very little variation in strain rate and
thus a constant strain rate can be assumed for each sample variation based on the average
strain rate calculated in the region of interest. Using this constant plastic strain rate, the
plastic strain at the corresponding loads can be extracted, while the elastic strain is simply
found using
𝜎 = 𝐸𝑒𝑓𝑓 𝜀,

(25)

where 𝜎 is the indentation stress, 𝜀 is the indentation strain, and 𝐸𝑒𝑓𝑓 is the
nanoindentation derived value of Young’s modulus in each respective case.

3.2.3.1 Validity of Indentation Stress-Strain Curves Derived from Pyramidal
Indentation
Strictly speaking, stress-strain curves cannot be produced using pyramidal indentation.
Only spherical indentation can be used for this purpose due to the inherent geometric
relationships present in an indenter of such geometry. The indentation stress-strain curves
produced in this work are not to be interpreted strictly as the stress-strain response of the
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irradiated Zr samples. The indentation stress, also known as mean contact pressure, in
this case is significantly higher than the actual stress exhibited in the loading conditions.
The stress values reported are significantly higher than the actual compressive stress,
classically determined by a uniaxial test, as it is an average of the stresses experienced.
The stresses at the indenter tip, for example, are extremely high due to the extremely
small area cross-section. Any reference to indentation yield strength carries the same
consequence. While the magnitude of these stress values cannot be directly compared to
actual stress experienced by the material, we can observe important trends and
characteristics relative to each sample due to the proportionality between the reported
stress values and the actual stresses experience by the material. Additionally, the strain
values reported are based on a simple approximation, under the assumption that the
plastic strain rate in the portion of the loading load-depth curve utilized is constant. While
this is a valid assumption, the result is, again, only an approximation.

3.3

Creep Properties

The creep properties of interest are creep strain rate, stress exponent, activation energy,
and thermal activation volume. Thermal activation volume is not typically considered a
creep property, but is included to contribute to the evidence for the mechanism present in
each case.
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3.3.1

Creep Strain Rate

To observe and quantify the creep behavior of the Zr samples at elevated temperatures,
the Power-Law creep relation was used. The creep strain rate using Power-Law creep
[39, 40] is given by
𝑄

𝜀̇ = 𝐴 𝜎 𝑛 𝑒𝑥𝑝 (− 𝑅𝑇),

(26)

where 𝜎 is the stress, 𝑛 is the stress exponent, 𝑄 is the creep activation energy, 𝑅 is the
universal gas constant, and 𝑇 is the temperature. The creep rate is calculated using the
dwell period of the indentation test. The indentation depth is recorded, while being
subjected to a constant load, over a given period of time, in this case, 500 seconds. A
curve fitting is performed on the resulting depth-time data using the following relation
[40]
ℎ = ℎ𝑖 + 𝑎𝑡 𝑏 + 𝑘𝑡,

(27)

where ℎ𝑖 is the initial depth, 𝑡 is the time in seconds, and 𝑎, 𝑏, and 𝑘 are fitting constants.
The creep rate is then calculated using the slope of the creep curve, found using equation
(27).

3.3.2

Stress Exponent

The stress exponent is calculated using the following relation [40]
ln(𝑑𝜀̇ )

𝑛 = ln(𝑑𝜎),
where 𝜀̇ is the creep strain rate and 𝜎 is the stress. The indentation strain rate here is
given by

(28)
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𝜀̇ =

𝑑ℎ 1

,

(29)

𝑑𝑡 ℎ(𝑡)

where ℎ is the indentation depth and 𝑡 is time and the stress is given by
𝑃

𝜎 = 𝐴,

(30)

where P is the constant load applied during the dwell period and A is the area function of
the indenter.

3.3.3

Activation Energy

Creep activation energy is calculated using the following relation, for two given
temperatures
𝑄=

𝜀̇
𝑅 𝑙𝑛 1
1
𝑇2

−

𝜀̇ 2
1
𝑇1

(31)

,

where 𝑅 is the universal gas constant, 𝜀̇ is the strain rate, and 𝑇 is the temperature, where
the subscripts 1 and 2 correspond to temperatures 1 and 2. In the case of using data from
more than two temperatures, the creep activation energy can be found by plotting the
strain rate, as a function of the reciprocal temperature, performing a curve fitting, and
observing the slope. The activation energy is then found using a simple conversion, using
the universal gas constant.

3.3.4

Thermal Activation Volume

The thermal activation volume [40] is given by
𝑉 ∗ = 𝑘𝐵 𝑇

𝑑 ln 𝜀̇
𝑑𝜎

|

𝜀,𝑇

,

(32)
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where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝜀̇ is the strain rate, and 𝜎 is the
stress.

3.4

Viscoplasticity

In addition to the use of the Power Law creep model, the Anand viscoplastic model was
used to characterize the high temperature behavior of the Zr samples. The plastic strain
rate in the Anand model [41, 42] is given by
̃
𝜎

𝑄

1/𝑚

𝜀̇𝑝 = 𝐴 𝑒𝑥𝑝 (− 𝑅𝑇) [𝑠𝑖𝑛ℎ (𝜁 𝑠 )]

(33)

,

where 𝐴, 𝜁, and 𝑚 are constants, 𝑄 is the activation energy, 𝑅 is the universal gas
constant, 𝜎̃ is the saturation stress, 𝑇 is the temperature, and 𝑠 is a state variable. The
evolution of the internal state variable 𝑠 is given by
𝑠̇ = ℎ(𝜎̃, 𝑠, 𝑇)𝜀̇𝑝 ,

(34)

where ℎ is a hardening function. The hardening function is given by
𝑠 𝑎

𝑠

ℎ = ℎ0 |1 − 𝑠∗| sign (1 − 𝑠∗) , 𝑎 ≥ 1,

(35)

where ℎ0 and 𝑎 are material parameters and
𝜀̇ 𝑝

𝑄

𝑛

𝑠 ∗ = 𝑠̃ [ 𝐴 exp (𝑅𝑇)] ,

(36)

The saturation stress is then
𝑠̃ 𝜀̇ 𝑝

𝑄

𝑛

𝜀̇ 𝑝

𝑄

𝑚

𝜎 ∗ = 𝜁 [ 𝐴 exp (𝑅𝑇)] sinh−1 [( 𝐴 exp (𝑅𝑇)) ],

(37)

and the equivalent stress is
1

𝜎̃ = 𝜎̃ ∗ − [(𝜎̃ ∗ − 𝜎̃0 )1−𝑎 + (𝑎 − 1){𝑐ℎ0 (𝜎̃ ∗ )−𝑎 }𝜀̇𝑝 ](1−𝑎) , 𝑎 ≠ 1,

(38)
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where 𝑠0 is the initial value of 𝑠 and 𝜎0 = 𝑐𝑠0 . The polynomial functions for ℎ0 and 𝑠0
are given by
ℎ0 = 𝐴0 + 𝐴1 𝑇 + 𝐴2 𝑇 2 ,

(39)

and
𝑠0 = 𝑆0 + 𝑆1 𝑇 + 𝑆2 𝑇 2 ,

(40)

These properties are determined using experimental data at multiple temperatures and
strain rates. The process for determining these properties is as follows:
𝑠̃

1. 𝐴, 𝑄, 𝑚, 𝑛, and 𝜁 are found from constant strain rate data at multiple temperatures
through a nonlinear least squares fitting of equation (37).
2. The combined constants, 𝑐ℎ0 , 𝑐𝑠0 , and 𝑎 in equation (38) are determine.d through
a nonlinear least square fitting using constant temperature data at multiple strain
rates. 𝑎 is determined as the average value of 𝑎 from each strain rate. After the
average is determined, the value of 𝑎 is fixed, the curve fittings are repeated with
the new value of 𝑎 fixed and the final values of 𝑐ℎ0 and 𝑐𝑠0 are determined.
3. 𝜁 is selected such that 𝑐 is less than unity in all cases.
4. From steps (1) – (3), based on the determined value of 𝑐, ℎ0 and 𝑠0 are
determined for each case.
5. Polynomials functions for ℎ0 and 𝑠0 are determined using a nonlinear least
squares fitting using equations (39) and (40) based on the determined values of ℎ0
and 𝑠0 for each case.
6. 𝑠̃ is determined from steps (1) – (3).
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Traditionally, the Anand viscoplastic model has been used to characterize the high
temperature response of solders and similar materials [42]. This model, as well as similar
models has been used to characterize the stress-strain response of metals [43-45]. The use
of such a model is very convenient for implementation in simulations, such as finite
element analysis. The Anand viscoplastic model in particularly is already implemented
into ANSYS and ABAQUS. Thus, this model was utilized in an attempt to capture the
high temperature indentation stress-strain response of the Zr samples.
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CHAPTER 4. RESULTS

4.1

Mechanical Properties

4.1.1

Reduced Modulus

The results of the reduced modulus calculations of rolled and rolled and annealed Zr as a
function of loading rate are shown at 250ºC and 450ºC are shown in Figure 4.1.

(a.)

(b.)

Figure 4.1 Reduced Modulus as a function of loading rate
(a.) 250°C (b.) 450°C

For comparison, at the 20 mN/s loading rate the reduced modulus of rolled Zr at 250°C
and 450°C are 32.3 GPa and 20.93 GPa, respectively. For the rolled and annealed Zr
case, the reduced modulus at 250°C and 450°C are 24.84 GPa and 18.2 GPa,
respectively. In all cases, with an increase in temperature, there is a decrease in reduced
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modulus, as expected. The rate at which reduced modulus decreases with temperature
varies between cases, with rolled and annealed Zr 1 keV being highly dependent on
temperature. The reduced modulus of unirradiated Zr is approximately invariable with
manufacturing process at all temperatures. The 100 eV irradiated samples show only
slight variations from the unirradiated case, although the temperature dependence of these
samples increase. However, we observe a significant change in reduced modulus in the
remaining cases. In the case of rolled Zr, the 1 keV irradiated samples see a decrease in
reduced modulus compared to the unirradiated case and negligible change in temperature
dependence. The opposite is true in the case of rolled and annealed Zr.

4.1.2

Hardness

The results of the hardness calculations of rolled and rolled and annealed Zr as a function
of loading rate are shown at 250ºC and 450ºC are shown in Figure 4.2.

(a.)

(b.)

Figure 4.2: Hardness at various loading rates
(a.) 250°C (b.) 450°C
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For comparison, at the 20 mN/s loading rate the hardness of rolled Zr at 250°C and
450°C are 1.03 GPa and 0.51 GPa, respectively. For the rolled and annealed Zr case, the
hardness at 250°C and 450°C are 0.95 GPa and 0.50 GPa, respectively. Hardness also
decreases as a function of temperature in all cases, which is as expected, due to the
material softening with increasing temperature. An irradiation induced hardening has
been observed by other authors in the case of radiation-exposed materials [46] and we see
this trend here as well. We observe many of the same trends in hardness as we previously
observed with reduced modulus. The hardness of unirradiated Zr is invariable with
manufacturing process, as is 100 eV irradiated Zr.

4.1.3

Indentation Stress-Strain Curves

The indentation stress-strain curves for rolled and rolled and annealed Zr at 250ºC and
450ºC, in addition to unirradiated Zr at each temperature are shown in Figure 4.3.
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(a.)

(b.)

(c.)

Figure 4.3: Indentation Stess-Strain Curves for each sample variation
(a.) Unirradiated Zr (b.) 1 keV irradiated Zr (c.) 100 eV irradiated Zr

We observe that the indentation yield strength of the irradiated samples each increase
relative to the unirradiated ones. In most cases, the yield strength decreases with
temperature, except in the case of 100 eV irradiation for rolled and rolled and annealed
Zr. Most curves show some amount of softening after the initial yielding.

4.2
4.2.1

Creep Properties
Creep Strain Rate

The creep strain rate as a function of loading rate at 250ºC and 450ºC are reported in
Figure 4.4.

42

(a.)

(b.)

Figure 4.4: Creep rate at various loading rates
(a.) 250°C (b.) 450°C

For comparison, at the 20 mN/s loading rate the creep rate of rolled Zr at 250°C and
450°C are 0.57 (10)-9 s-1 and 1.12 (10)-9 s-1, respectively. For the rolled and annealed Zr
case, the creep rate at 250°C and 450°C are 0.27 (10)-9 s-1 and 0.68 (10)-9 s-1, respectively.
The rolled 1 keV and 100 eV irradiated Zr samples exhibited higher creep rates, when
compared to the other samples, which were nearly invariable with manufacturing process
and irradiation.

4.2.2

Stress Exponent

The results of the stress exponent calculation as a function of loading rate at 250ºC and
450ºC are shown in Figure 4.5.
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(a.)

(b.)

Figure 4.5: Stress exponent at various loading rates
(a.) 250°C (b.) 450°C

For comparison, at the 20 mN/s loading rate the stress exponent of rolled Zr at 250°C and
450°C are 7.67 and 5.79, respectively. For the rolled and annealed Zr case, the stress
exponent at 250°C and 450°C are 20.09 and 9.73, respectively. Stress exponent, in nearly
all cases, decreases with temperature.

4.2.3

Activation Energy

The results the activation energy calculation for loading rates of 10 mN/s and 20 mN/s, as
well as unirradiated Zr are shown in Table 4.1.
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Table 4.1: Activation energy of Zr sample variants
Sample

10 mN/s

20 mN/s

Activation Energy (J/mol)
Rolled

Rolled & Annealed

1 keV

9439.03

9292.685

100 eV

9495.028

9595.865

1 keV

7917.355

8491.51

100 eV

7508.009

7370.454

Unirradiated

5333.70

10973.0

In all cases, the activation energy for rolled Zr samples was higher than rolled and
annealed samples. In the case of the effect of irradiation on activation energy, we observe
the opposite trends between rolled Zr and rolled and annealed Zr. For example, of the
rolled Zr samples, the 100 eV irradiated ones have the highest activation energy, while of
the rolled and annealed Zr samples, the 100 eV samples have lowest activation energy.

4.2.4

Thermal Activation Volume

The results of the thermal activation volume calculation for rolled and rolled and
annealed Zr as a function of loading rate at 250ºC and 450ºC are shown in Figure 4.6.
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Figure 4.6: Thermal activation volume as a function of loading rate

The major lines here represents the average value of thermal activation volume among
the three different sample variants, while the error lines here indicate the range of values.
The thermal activation volume increases with temperature in nearly all cases, as
expected. The rate on increase of thermal activation volume with temperature varies in
each case and no discernable trends can be found.

4.3

Viscoplasticity

The Anand parameters for the initial viscoplastic response of rolled and rolled and
annealed Zr are found using a series of curve fittings and are summarized in Table 4.2.
The curve fitting results are then verified in Figure 4.7 and Figure 4.8.
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Table 4.2: Anand parameters for rolled and rolled and annealed samples
Parameter

Rolled
1 keV

Rolled
100 eV

Rolled
100 eV
(700ºC)

Rolled &
Annealed
1 keV

Rolled &
Annealed
100 eV

A (1/s)

6.3E+05

9.6E+04

3.0E+06

5.0E+05

2.9E+03

5.0E+05

Q (J/mol)

5.3E+04

7.6E+03

4.0E+04

5.0E+04

7.5E+03

5.0E+04

m

0.99

0.23

1.01

1.04

0.56

0.87

n

-0.97

-0.94

-0.94

-0.92

-0.95

-0.91

a

49.15

7.75

5.18

8.99

29.5

26.3

ζ

1.00

1.00

1.00

1.00

1.00

1.00

ŝ (MPa)

300

1.9E+04

3.6E+03

2.2E+03

7.3E+03

2.0E+04

h0 (MPa)

1.5E+10

4.1E+09

1.4E+12

5.2E+10

3.1E+10

2.5E+10

Figure 4.7: Verification of stage 1 Anand parameter fitting

Rolled &
Annealed
100 eV
(700ºC)
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(a.)

(b.)

Figure 4.8: Stage 2 verification of Anand parameters at various temperatures
(a.) 250°C (b.) 450°C

A comparison between the indentation stress-strain response found using the method
detailed in 3.2.3 and the Anand viscoplastic model are shown in Figure 4.9. The response
dictated by the Anand model is represented by the dotted lines. These stress-strain curves
below are at a strain rate of between 0.1 and 0.2 s-1.
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(a.)

(b.)

Figure 4.9: Comparison of Anand model to indentation stress-strain for initial plastic
deformation of Zr
(a.) Rolled Zr (b.) Rolled & Annealed Zr

We can observe that the Anand model does a reasonable job of characterizing the
immediate response of the rolled Zr samples, but is not as accurate in the case of rolled
and annealed Zr. There are a number of faults associated with the use of the Anand
viscoplastic model for this purpose, which will be later detailed in the discussion section.
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CHAPTER 5. DISCUSSION

A summary of the results of the mechanical and creep property analysis of irradiated Zr
in comparison to unirradiated Zr is shown in Table 5.1.
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Table 5.1: Summary of mechanical and creep properties of irradiated Zr in comparison to
unirradiated Zr

1 k eV
Magnitude

100 eV

Temperature

Magnitude

Dependence
Reduced

Rolled

Yield

Significant

Negligible

Significant

Decrease

Decrease

Change

Increase

Rolled &

Significant

Significant

Negligible

Significant

Annealed

Increase

Increase

Change

Increase

Rolled

Moderate

Significant

Moderate

Negligible

Increase

Increase

Increase

Change

Rolled &

Significant

Significant

Moderate

Negligible

Annealed

Increase

Increase

Increase

Change

Rolled

Moderate

Negligible

Moderate

Significant

Increase

Change

Increase

Increase

Rolled &

Moderate

Significant

Moderate

Negligible

Annealed

Increase

Increase

Increase

Change

Rolled

Moderate

Significant

Moderate

Negligible

Increase

Increase

Increase

Change

Rolled &

Moderate

Negligible

Moderate

Moderate

Annealed

Increase

Change

Increase

Increase

Significant

Significant

Significant

Negligible

Decrease

Decrease

Decrease

Change

Rolled &

Significant

Significant

Significant

Significant

Annealed

Decrease

Decrease

Decrease

Decrease

Significant

N/A

Significant

N/A

Strength

Creep Rate

Stress

Rolled

Exponent

Activation

Dependence

Moderate

Modulus

Hardness

Temperature

Rolled

Increase

Energy
Rolled &

Moderate

Annealed

Decrease

Increase
N/A

Significant

N/A

Decrease

In all cases, the effect of temperature on the mechanical and creep properties is as
expected, excluding a few outlying data points. As temperature increases, the material
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softens and flow stress decreases, leading to reduced modulus decreasing, hardness
decreasing, yield strength decreasing, creep rate increasing, stress exponent decreasing,
and thermal activation volume increasing.
With respect to irradiation and manufacturing process (microstructure), reduced modulus
and hardness exhibit similar trends. 100 eV irradiated samples exhibit invariability with
respect to manufacturing process, while 1 keV irradiated samples exhibit opposite trends
with respect to manufacturing process (microstructure). For example, in the case of rolled
Zr, reduced modulus of 1 keV irradiated samples decrease relative to unirradiated
samples. The opposite is true for rolled and annealed Zr. The difference in peak reduced
modulus between the rolled and rolled and annealed Zr samples can be explained by the
increased ductility due to the annealing process. This effect, however, is not as significant
as the effect of radiation damage. Hardness and indentation yield strength follow very
similar trends with respect to one another as well. Both properties increase when
subjected to radiation, in comparison to their unirradiated counterparts. The accepted
explanation for the increase in hardness and yield strength is the mechanism of vacancy
agglomerates. Essentially, vacancies are formed due to atomic displacements in the
presence of radiation. These vacancies coalesce and bond to one another, which creates a
significant obstacle to the motion of dislocations due to external stresses. At higher
temperatures, not only does flow stress decrease, but these vacancies become more
mobile and lead to an decrease in yield strength and hardness, in most cases. We observe
the opposite trend in the case of indentation yield strength in the 100 eV irradiated
samples, which is a phenomena known as the yield strength anomaly and is commonly
observed in precipitation hardening superalloys. These results could be a consequence of
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the somewhat subjective method for determining the yield strength based on indentation
derived stress-strain curves. Assuming this is not the case, we observe this effect solely at
lower irradiation energies. Dpa is proportional to average irradiation energy and thus, we
can surmise that at lower irradiation energies, the void density is lower in comparison to
higher irradiation energies, based on our understanding of the relationship between void
density and dpa. Additionally, void radius increases significantly with temperature, as the
void density decreases [6]. The result of the two mechanisms means that the voids
present in the 100 eV irradiated samples at high temperature should be very large and
relatively immobile in comparison to the smaller voids. This could explain the increase in
indentation yield strength with temperature in these cases.
The creep rate of the rolled and annealed samples all increase relative to their
unirradiated counterparts. Of these samples, we see an increase in temperature
dependence only in the 100 eV irradiated samples. The creep rate for the rolled samples
also tends to increase relative to the unirradiated samples. The increase in creep rate is
likely a result of the vacancy growth that occurs during radiation. Under increasing load,
these vacancies act to strengthen the material, as they are obstacles to dislocation motion.
However, under constant load, like in thermal creep testing conditions, the increased
mobility of these vacancies, relative to the material itself, leads to greater creep strain
rates, in comparison to unirradiated material. Greater irradiation energy thus leads to
greater creep strain rates, which is the trend we observe in our data. This phenomena also
explains the decrease in stress exponent in the case of the irradiated samples, in
comparison to the unirradiated ones. With higher stress exponent, the stress required to
produce a given plastic strain rate is lower in comparison to a lower stress exponent. The
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activation energy of creep appears to be solely dependent on manufacturing process
(microstructure), as the irradiated samples exhibit similar values for this parameter, while
the unirradiated samples form the maxima and minima of the set. The annealing process
acts to increase the material’s immediate resistance to high temperature effects and creep,
which supports the result of high activation energy in the rolled and annealed samples.
We observe the same trend in the case of thermal activation volume. The increase in
thermal activation volume of rolled and annealed Zr suggests a higher deformation work
is required for dislocation motion. This also supports the creep rate findings in relation to
rolled and rolled and annealed Zr. The effect of manufacturing process (microstructure)
on creep properties, before irradiation, are very significant. However, after irradiation, the
creep response of all irradiated materials are similar, although creep is slightly more
significant in rolled Zr samples. This is likely due to the swelling and irradiation creep
that occurs prior to testing, during the irradiation process. The thermal creep deformation,
while additive in respect to the irradiation creep deformation and swelling, is relatively
insignificant. This explains the vastly different creep response of the irradiated Zr in
comparison to the unirradiated Zr.
The Anand model was utilized in an attempt to capture the high temperature indentation
stress-strain response of the Zr samples. Initial attempts to model the full plastic response
of the samples proved unfruitful, but a decent approximation can be made when
considering only the initial plastic response. The fault in this case is due to the nature of
the Anand model. If, for example, the 250ºC and 450ºC indentation stress-strain response
of a given sample are of the same shape, just with different yield strength, then the Anand
model can easily characterize the response. However, if these two curves differ in shape

54
or the elastic modulus is significantly different, the Anand model can, at best, only
accurately characterize a single curve, leading to an error in the other curve. The
complexity of the curve also factors into the ability of the model to characterize the
response, but the most significant source of error is the variation between curves at
different temperatures. The Anand model requires an idealized relationship between
stress and temperature for a given sample variant, which in most cases, is not realistic. If
studying immediate plasticity effects, the model can be utilized to reasonable accuracy as
shown.
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CHAPTER 6. CONCLUSION

The mechanical and creep properties of rolled and rolled and annealed Zr are
investigated, in addition to the indentation stress-strain response of these materials. The
mechanical properties (reduced modulus, hardness, indentation yield strength) of
irradiated Zr all increase relative to that of the unirradiated Zr samples. In most cases, the
rolled samples exhibit higher reduced modulus, hardness, and indentation yield strength.
While the microstructure (rolling or rolling and annealing manufactured) is significant in
determining these properties, the effect of irradiation damage is more significant. Not
only this, but the combination of irradiation energy and manufacturing process yielded a
unique mechanical response. Thus, it is crucial to consider both these effects in the design
of nuclear fuel cladding, where these materials are typically used.
The creep properties (creep rate, stress exponent, activation energy, thermal activation
volume), unlike the mechanical properties appear to be highly dependent on
manufacturing process. The irradiation process, regardless of irradiation energy, invokes
a similar creep response. The main consideration in regards to creep behavior is thus, the
manufacturing process (microstructure). While the irradiation energy should also be
considered, its effect is much less significant.
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